INTRODUCTION
bloom period may be respired under winter sea-ice cover, where CO 2 efflux from sediments can be trapped beneath sea ice, entrained in newly forming deep waters, and advected into the ocean's interior (Yager et al. 1995) . This mechanism could play an important role in the transfer of carbon from ocean surface waters to long-term deep-sea reservoirs.
The West Antarctic Peninsula (WAP) shelf is no exception to polar seasonal productivity patterns, experiencing highly seasonal vertical flux of particulate organic carbon (see Karl et al. 1996 ) from summer phytoplankton blooms in December to March, following the retreat of winter sea ice (e.g. R. C. . Sediment-trap records from the Antarctic continental shelf suggest that sinking particle flux is orders of magnitude larger during summer than during icecovered winter months (Wefer et al. 1988 , Dunbar et al. 1989 , Honjo 1990 ). This dramatic productivity pulse is likely to result in deposition of labile food material for benthic detritivores.
While bacterioplankton biomass in the WAP region has been shown to increase by nearly 3 orders of magnitude during the summer bloom period (Karl et al. 1996) , bacterial response to the summer bloom pulse has not been studied in Antarctic continental shelf sediments. The nature of the benthic microbial response to the short-lived (4 to 8 wk long) summer bloom on the WAP shelf (e.g. Karl et al. 1996 ) is difficult to predict. Observed correlations in deep-sea sediments between microbial biomass and metabolism, and organic carbon rain rates (Meyer-Reil & Koster 1992 , suggest that bacterial abundance could increase in the WAP sediments during periods of particulate organic carbon (POC) deposition following the summer phytoplankton bloom. However, the consistently very low bottom-water temperatures in the WAP region (-2.0 to 1.0°C) could slow microbial remineralization of phytodetritus deposited on the sea floor (Pomeroy & Deibel 1986 , Pomeroy et al. 1991 . The combination of rapid particle sinking and low-temperature inhibition of microbial activity could lead to an accumulation of labile organic material in WAP sediments, resulting in a persistent 'food bank' for benthic detritivores over long time scales relative to the water column.
The purpose of this study was to evaluate temporal dynamics of 'labile' organic material in Antarctic continental shelf sediments, in an effort to test the 'food bank' hypothesis. We hypothesized that the intense seasonal particulate-flux signal observed in sediment-traps in this region would be damped in sediments due to rapid sinking and accumulation of phytodetritus on the sea floor, as well as temperature constraints on microbial metabolism. Under the food bank hypothesis, inventories of labile components of detritus were predicted to remain relatively constant throughout the year, such that benthic detritivores would experience substantially less seasonality in food availability than many pelagic organisms.
We conducted a seasonal time-series study on the WAP shelf, measuring sediment properties and particle flux to determine the timing and magnitude of bloom deposition on the sea floor, as well as the effects of seasonal deposition on microbial biomass, and the concentration and turnover times of labile organic material in sediments. The results presented here, including chloropigment, labile protein and microbial biomass data, provide evidence that labile organic pools persist on the WAP shelf over relatively long time scales of months to years (i.e. there is a sediment 'food bank'). We postulate a potential role of temperaturesubstrate limitation on microbial metabolism in promoting the occurrence of a sediment food bank.
MATERIALS AND METHODS
Study sites. Samples were collected on a series of five 22 d cruises to the WAP shelf. In order to explore both seasonal and interannual variability in particle flux and benthic ecosystem properties, cruises were conducted over a 15 mo period: Cruise I, November and December 1999 (austral summer pre-bloom season); Cruise II, March 2000 (end of summer bloom); Cruise III, June 2000 (winter oligotrophic period); Cruise IV, October 2000 (end of winter, during winter sea-ice retreat); Cruise V, February and March 2001 (during summer bloom). We sampled 3 stations (A, B, and C) on a NW to SE transect across the continental shelf from Anvers Island ( Fig. 1, Table 1 ); 2 additional stations (E and F), located further south of this transect (Fig. 1 , Table 1 ), were sampled only in March 2001, in order to place Stns A, B, and C in a broader regional context. Due to ice loading of the Antarctic continent, the continental shelf is generally depressed to depths in excess of 400 m (Anderson et al. 1984 , Eisma 1988 ); water depth is approximately 500 to 650 m at all stations sampled here. Sonar and photographic surveys (C. Smith et al. unpubl . data) revealed little topographic relief at Stns B, C, E, and F. However, Stn A was located in a basin approximately 25 km wide, so topographic focusing could have impacted sediment processes in this area.
Field methods. On each cruise, sediment tube cores (10 cm diameter) were collected with a Bowers & Connelly megacorer from each of at least 5 randomly located deployments at each station. Overlying water was siphoned off the top of each core, and the cores were sliced into 9 discrete horizontal layers down to 10 cm, with finer 0.5 cm layers in the top 2 cm, 1.0 cm layers from 2 to 4 cm, and 2 cm layers below 4 cm depth. When a phytodetrital layer (greenish flocculent material with fecal pellets and intact phytoplankton cells) was visible at the surface of a core (Cruise V only), it was removed with a large plastic syringe before core slicing, and stored for separate analysis. After slicing, each layer of sediment was homogenized and divided for analysis of chloropigments, labile protein, ATP and sediment dryweight determinations. Sediment samples for pigment analysis were immediately frozen at -80°C and stored in the dark, while labile protein, ATP and dry-weight samples were frozen at -20°C.
Replicate, single-cup, cone-shaped sediment traps (cf. Dunbar et al. 1989 ) with effective mouth openings of 0.159 m 2 were deployed on Cruise I (November 1999) at Stn B. Both traps were secured on a single mooring, 150 and 170 m above bottom. Traps were recovered and redeployed on each cruise (i.e. at 90 to 120 d intervals) until the final recovery in March 2001. Trap samples were preserved in situ with a hypersaline formalin solution (5% NaCl w/w, 10% formalin by volume), and swimmers (in particular pelagic copepods) were removed upon sample recovery using a dissecting microscope. All samples were quantitatively split, and subsamples were allocated for various analyses.
Laboratory methods. Sediment chloropigment concentrations were measured using a combination of high-performance liquid chromatography (HPLC) and fluorometric methods. Sediment-trap samples were quantitatively split, and 4 replicate splits from each sample were vacuum-filtered through 25 mm GF/F filters. Wet filters were then placed into glass test tubes with 5 ml of 100% HPLC grade acetone, and ground with a homogenizer. Frozen sediments were thawed, and subsamples were also placed in glass test tubes with 5 ml of acetone. All samples were vortexed, sonicated in a dark ice bath for 10 min, and extracted overnight in the dark at -20°C (Sun et al. 1991) . Extracted samples were then centrifuged at 3000 rpm for 5 min, and fluorescence of the extracts was measured at 670 nm using a Turner model 10-AU fluorometer. Each sample was extracted twice, since extraction efficiency tests indicated > 95% recovery after 2 extractions. Chloropigment and phaeopigment concentrations were calculated based on a pure chl a standard (Sigma Chemical Co.) and acidification. Values were normalized to salt-corrected dry weights of either sediment-trap particulate material or the extracted sediments.
For a subset of samples (1 to 3 cores station , from phytodetritus and from sediment-trap samples), aliquots of the extracts obtained as described above were also analyzed using reverse-phase HPLC, in an effort to verify that fluorescence values accurately represented concentrations of chl a. The HPLC system consisted of a Varian 9300 autosampler and Varian 9012 HPLC. The column used was a 5 µm particle ODS2-Spherisorb (250 × 4.6 mm inner diameter). Detection was performed using ThermoSeparations Products UV2000 and FL2000 detectors and run at wavelengths of 436 and 450 nm. The presence of chlorophyll breakdown products or other fluorescent compounds can lead to inaccurate fluorometric measurements, particularly in sediments (Mantoura & Llewellyn 1983 , Mantoura et al. 1997 . In this study, fluorometric methods were found to overestimate values of chl a, and correction factors were applied to fluorometry data to obtain more accurate values for chl a concentrations in sediments. Percent differences between HPLC and fluorometric values of chl a were calculated for each of the HPLC samples (which were previously analyzed with fluorometry). Mean differences were calculated for each station at each time point. Similar percentages were found for Stns B and C, and these were averaged together, giving 1 value for both these stations at each of the 5 time points. Percent differences were multiplied by the fluorometric values for samples analyzed by fluorometry only, in order to correct for overestimation by fluorometry. Only corrected values are presented here. Correction factors ranged from 0.40 for phytodetrital layers to 0.015 for some layers deeper than 5 cm. Correction factors could not be obtained for sediment-trap material. Chl a was not detectable in sediment-trap HPLC samples because the formalin fixation altered elution times. Thus, it was assumed that 100% of sediment-trap fluorometric values represented chl a fluorescence, since algal material deposited in traps should consist mainly of relatively fresh, intact cells.
Enzymatically hydrolyzable amino acid (EHAA) analyses were performed on sediments to measure 'labile protein.' This assay measures an enzymatically degradable fraction of protein in sediments, which can comprise a relatively small percentage of the total protein pool (Dauwe et al. 1999 , Dell'Anno et al. 2000 . EHAA is thought to measure the pool of protein readily available as a food source for deposit-feeders (Mayer et al. 1995) . Frozen sediments were freeze-dried prior to amino-acid extraction. Extractions and analyses were performed according to the methods of Mayer et al. (1995) . Briefly, soluble amino acids were extracted from replicate freeze-dried sediment samples in a poisoned phosphate buffer. We incubated 1 set of replicates at 37°C with Proteinase-K to remove the enzyme-degradable fraction. Higher molecular weight peptides were removed from all extracts via trichloroacetic acid (TCA) precipitation. Amino acid concentrations were obtained using the fluorescence method, in which O-phthalaldialdehyde reagent was added to the lower molecular weight fraction of the extract, and fluorescence was measured on a Perkin-Elmer Model LS-5 fluorescence spectrophotometer at excitation/emission wavelengths of 340 and 455 nm, respectively. Concentrations of soluble amino acids were subtracted from values for enzymedegraded samples to obtain EHAA concentrations. EHAA could not be measured on sediment-trap samples, because the formalin fixation interferes with the extraction procedure.
ATP concentrations were measured to estimate microbial biomass in sediments, although it should be noted that meiofauna can also contribute to the total ATP biomass. ATP analyses were performed according to the methods of Karl (1993) . On shipboard, 6 replicate, fresh sediment samples (1 cm 3 ) from each core slice were extracted in cold 0.5 M H 3 PO 4 . ATP internal standard was added to 3 of the 6 replicates to estimate adsorptive and other losses of extracted ATP (Karl & Craven 1980 , Karl 1993 . All samples were centrifuged, and 500 µl of supernatant was removed to microcentrifuge tubes. Tris buffer was added to each tube, and samples were frozen at -80°C. In the laboratory, samples were stored at -20°C and thawed immediately prior to analysis. Once thawed, samples were combined with firefly-lantern extract (Sigma FLE-50) prepared in a mixture of MgSO 4 and arsenate buffer. ATP in the extracts was then measured using the firefly luciferase-luciferin bioluminescence assay (Karl 1993) .
Statistical analyses. Data were analyzed using the Statistical Package for the Social Sciences (SPSS) software. In order to test seasonal differences in inventories of chl a, EHAA, and ATP (mass cm -2 ), a 1-way analysis of variance (ANOVA) was performed for each measurement at each sampling site (Sokal & Rohlf 1995) . Because 9 discrete sediment depths were sampled with each sediment core, seasonal differences in profiles of chl a, EHAA, and ATP concentrations (mass g -1 sediment dry wt) were analyzed using 2-factor repeatedmeasures ANOVA (cf. Brown et al. 1997) . In all tests, each sediment core was treated as a separate subject, with depth as the repeated measures factor and season as the between-subjects factor (Sokal & Rohlf 1995) . Post hoc pair-wise comparisons (least significant difference method) were used with both 1-way and repeated-measures ANOVA to determine which specific seasonal interactions were significantly different.
Chlorophyll a and EHAA degradation rate models. We used 2 different models to estimate the degradation rate constants for chl a and EHAA in the upper 3 to 10 cm of sediment.
In Model I, open-system, steady-state conditions were assumed for the ice-free summer bloom period of November 1999 to June 2000. The similarity of the mean chl a profiles across this time period (see Fig. 3 ), and the slight change in chl a inventory (see Fig. 4 ), indicate that chl a input to the sediments could essentially be considered constant during this period. Model II, a non-steady-state model, was used to model chl a degradation rates based on changes in vertical flux and sediment inventories of chl a throughout the sampling period. This model was only applicable for chl a because it requires an estimate of vertical flux, which could not be obtained from sediment traps for EHAA. Both models are applied for Stn B, since vertical flux values were well constrained by sediment traps at this location. The models were also applied at Stn C, with the assumption that vertical flux was similar to that at Stn B, given the similarity between these stations in other variables (see 'Results').
Under steady-state (summer) conditions, a commonly used diffusion-advection model (cf. Smith et al. 1993 , Stephens et al. 1997 , Fornes et al. 1999 ) could be applied to obtain degradation rate constants for chl a and EHAA from sediment concentration profiles of these materials in the top 3 cm of sediment. This depth interval was chosen because the top 3 cm of sediment were consistently within the oxic zone (Hartnett et al. 2005) , and below 3 cm pigment and EHAA concentrations changed little with increasing depth (i.e. ∂C/∂z was essentially zero). The model is described here in terms of chl a.
The steady-state distribution of solid-phase chl a in diffusively mixed sediment, assuming constant porosity, is described by:
where C is the concentration and k the first-order degradation-rate constant of chl a, t is time (yr), z is depth in sediment (cm), D b is a bioturbation coefficient (cm 2 yr -1 ), and S is the sedimentation rate (cm yr -1
). Applying boundary conditions: C(z) = C 0 at z = 0, and C → 0 as z → ∞, leads to the following solution to Eq. (1):
where α -1 is the 1/e penetration depth of chl a (the depth at which concentration decreases to 1/e) (e.g. Stephens et al. 1997) . The 1/e penetration depth can be determined by curve fits to the chl a profiles, and related to k and D b by: , calculated for sediment cores collected concurrently with those used for chloropigment analysis, were used to estimate k (Eq. 4) from the penetration depths determined by least-squares linear regression of log-linear plots of each chloropigment profile (Smith et al. 1993) .
Model II is a simple box model, in which the inventory of chl a in the top 10 cm of sediment at a given time point (t 1 ) is assumed to be a function of the inventory at some previous time (t 0 ), net vertical flux into the box since t 0 (F), and the degradation rate (k) of material within the box. A modeling depth of 10 cm was chosen in order to include the maximum depths of nonlocal mixing, based on excess 234 Th profiles (McClintic 2002) . This model was applied to sediments at Stn B, where sediment traps were deployed, because the vertical flux at this station could be relatively well constrained. However, results are also presented for Stn C since, as described in 'Results', similar patterns in chl a concentration were found at this station.
The rate of change in the inventory of chl a in the top 10 cm at any given time can be described by:
where I is the inventory size (µg chl a m ). Because burial flux of chl a was < 0.2% of sediment-trap flux (i.e. smaller than our error estimates for trap flux), burial flux was ignored as negligible.
Solving this equation gives
Eq. (6) cannot be easily solved for k, so Matlab software was employed, using the f 0 function and iterative methods, to estimate values of k.
RESULTS

Vertical flux and patterns of labile organic material in sediments
In an effort to evaluate seasonal dynamics in the flux and fate of organic material in sediments, chl a flux to sediment traps was compared with temporal patterns (Suhr et al. 2003 . The phytodetrital layer was removed from core surfaces and analyzed separately (Table 2) .
Average chl a concentrations in sediment cores at each sampling time were similar between Stns B and C, and approximately 2 to 4 times higher for all sediment depths at Stn A (Fig. 3) . Sedimentation at Stn A is likely to be influenced by the position of this station within a basin, which may cause focusing of sedimenting organic material. Indeed, a high sediment accumulation (Hartnett et al. 2005) could also result in higher preservation efficiencies at this station (Hartnett et al. 1998) . Stns E and F were only sampled in March 2001, but chl a concentrations were comparable to those at Stns B and C (Table 2) .
Chl a concentrations at all stations remained relatively constant throughout the year, with most temporal variability confined to the top 2 cm of sediment (Fig. 3) . Concentrations in March 2001 in the top cm of sediment were 3 times higher than in the previous summer (March 2000) at Stns B and C, and nearly 4 times higher at Stn A, coincident with the presence of phytodetritus (not included in sediment profiles; Table 2 Chl a penetrated deeply into sediments, with concentrations at 8 to 10 cm ranging from 10 to 50% of surface values (Fig. 3) . The presence of such a readily degradable organic compound at depth suggests substantial preservation of labile material in these sediments. Modeling results indicate a low degradation rate constant (k) for chl a, implying that chl a is retained in these sediments for relatively long periods of time (Table 3) . The steady-state model, based on vertical profiles of chl a, yielded values of k ranging from 0.6 to 4.6 yr -1 at Stns B and C. These ks yield chl a half-lives (t 1/2 ) for the top 3 cm of sediment on the order of 50 to 400 d for the icefree spring and summer months at Stns B and C. The non-steady-state model, based on changes in inventory in the top 10 cm, yielded comparable results, with k for the first year ranging from a summer 2000 high of about 4 yr -1 to a winter low of about 1.5 yr -1 (Table 3) ), giving a chl a half-life of about 20 d. EHAA concentrations were similar between Stns B and C, and only slightly higher at Stn A (Fig. 5 ), in contrast to the substantial difference in chl a concentrations between stations. EHAA concentrations varied little with season, although at Stn B, values were lower (Fig. 5) . EHAA inventories over the top 10 cm of sediment remained high year-round, and in general showed no statistically significant differences between seasons (Fig. 6) Modeling results for EHAA degradation yielded rate constants (k) ranging from 0.04 to 1.25 yr -1 in the spring and summer at Stns B and C (Table 3) . Values were similarly low at both stations, giving EHAA halflives for ice-free seasons on the order of 6 mo to 16 yr.
Microbial biomass
ATP was measured in sediments and phytodetritus as an indicator of microbial biomass. Concentrations of ATP indicated very low microbial biomass below sediment depths of 3 to 4 cm (Fig. 7) . (Fig. 7) . However, note that the concentration of microbial biomass (Fig. 8) . This trend mirrors that of the chl a inventories at Stns B and C. Significant differences in inventory size were found at Stn C (F = 3.759, p = 0.024), with that for October 2000 less than those for both November 1999 and March 2000. No significant differences were found at Stn B, due to large within-site variance (Fig. 8) . Notably, the presence of phytodetritus in March 2001 increased ATP inventories at all 3 primary stations (A, B and C) in a pattern even more dramatic than for chl a.
DISCUSSION
As anticipated, our results indicate significant seasonal variability in the vertical flux of chl a to the WAP shelf (Fig. 2) . However, interannual differences in flux were far greater than seasonal differences during our study period. Despite the large temporal variability in flux, sea floor concentrations and inventories of labile compounds such as chl a and EHAA varied modestly, particularly below the top few centimeters of sediment. Microbial biomass also varied only slightly with season, with most of the variability confined to the top 3 to 4 cm and the phytodetrital layer. Further, the large flux event in summer of 2000 to 2001 had not stimulated a concomitant increase in sediment microbial biomass by the time of our sampling in late summer (March) 2001.
Evidence of sediment 'food bank'
To evaluate the presence of a sediment food bank, it is necessary to compare changes in sediment inventories with the high temporal variability in particle flux to the WAP shelf. Sediment traps deployed during this study yielded seasonal flux estimates ranging from 1.2 mmol C org m -2 d -1 in summer 1999 to 0.5 mmol C org m -2 d -1 in winter 2000 , and chl a fluxes varied similarly with season. However, interannual variability between the 2 summer bloom periods sampled was even greater than seasonal variability, with a 5-fold difference in C org flux and a more than 10-fold difference in chl a flux (Fig. 2) between March 2000 and March 2001. Comparison of shallow (D. Karl et al. unpubl . data) versus our deepmoored sediment trap fluxes indicates very little recycling of surface production in the water column between 150 and 450 m depth on the WAP shelf. Thus, the flux of summer bloom-derived phytodetritus is likely to constitute a relatively undegraded, yet temporally varying, input of food for shelf benthos.
Evidence of high-quality detritus rapidly reaching the deep shelf floor has been reported in other Antarctic studies (Dunbar et al. 1998 , Fileman et al. 1998 , Beaulieu 2002 , and for numerous deep-sea sites (e.g. Billett et al. 1983 , Lampitt 1985 , C. R. Smith et al. 1996 , Beaulieu 2002 . Many studies, especially at mid-latitudes, have also demonstrated a coupling between pelagic and benthic processes, whereby benthic organic matter accumulation and metabolism are linked to flux events derived from phytoplankton blooms in the upper ocean (e.g. Gooday & Turley 1990 , Graf 1992 , Ambrose & Renaud 1995 , Pfannkuche et al. 1999 . We hypothesized that the coupling between phytodetritus deposition and mineralization would be relatively weak on the WAP shelf because phytodetritus would be rapidly mixed into sediments by active bioturbation, and degraded slowly (over periods of months) at the very low bottom-water temperatures on the Antarctic shelf, leading to storage of bloom material in a sediment food bank. If the food bank hypothesis is correct, labile organic matter pools in sediments should be present year-round, despite very low sinking organic flux from the water column during ice-covered winter months.
Profiles (Fig. 3) and inventories (Fig. 4) of chl a, a commonly used tracer of fresh phytoplankton biomass (Furlong & Carpenter 1988 , Sun et al. 1991 , Stephens et al. 1997 , indicate moderate seasonal changes in phytoplankton detritus in WAP sediments. Despite the high degree of interannual variability in particle flux (in particular, a thick phytodetrital carpet in March 2001), chl a concentrations in sediments below the top 1 cm varied little at most of our stations (Fig. 3) . EHAA concentration profiles and inventories (Figs. 5 & 6) exhibited even less temporal variability than chloropigments; seasonal changes were minimal, and dramatic increases in EHAA concentrations beneath the phytodetrital layer in March 2001 were not observed. The proportion of the EHAA inventory contained in the phytodetrital layer was also quite small (Fig. 6 ). While inputs of fresh phytodetritus are often strongly correlated with chloropigment concentrations in sediments, our results and those of others suggest that labile protein accumulation is not necessarily strongly coupled to phytodetrital input , Demopoulos et al. 2003 .
Chl a and EHAA are not only available in sediments on the WAP shelf year-round, they are relatively enriched compared to other marine sediments. Chl a concentrations ranged from about 6 to 50 ng g -1 in surface sediments from the equatorial Pacific (C. R. , Stephens et al. 1997 , from 80 to 900 ng g -1 in North Carolina slope sediments (600 to 800 m) (Cahoon et al. 1994) , and from ~100 to 150 ng g -1 in shallow (28 m) North Sea sediments during the summer maximum (Boon & Duineveld 1998) . These values are moderate to low compared to our values of 250 to 1000 ng g -1 for the WAP shelf, and for shelf stations in the Ross Sea, Antarctica (Fabiano & Danovaro 1998) . Baldwin & Smith (2003) reported even higher chl a concentrations of 1000 to 14 000 ng g -1 for surface sediments in the enclosed bay of Deception Island, Antarctica. However, these latter values were based solely on fluorometry, which may overestimate chl a concentration in sediments (Mantoura & Llewellyn 1983 , Mantoura et al. 1997 .
EHAA values from surface sediments on the WAP shelf are also relatively high at 0.5 to 0.75 mg g -1 , compared to a range of ~0.1 to 0.5 mg g -1 for samples from shelf depths in the North Sea, bathyal basins off California, and abyssal depths in the Porcupine Abyssal Plain (Dauwe et al. 1999 , Dell'Anno et al. 2000 , Demopoulos et al. 2003 .
Persistence of chl a and EHAA in WAP shelf sediments is increasingly apparent when the concentrations of these tracers are normalized to the organic carbon (C org ) content of the sediments. The chl a:C org and EHAA:C org ratios are moderate to high in WAP shelf sediments, with chl a:C org reaching 10 -4 in the top 1 cm of sediment. Chl a:C org in Deception Island sediments was also on the order of 10 -4 (Baldwin & Smith 2003) although, as mentioned above, chl a values in that study could have been substantially overestimated by fluorometric methods. While Demopoulos et al. (2003) found similar chl a:C org ratios in California's bathyal basins, their chl a concentrations were also based on fluorometry, and are thus likely to be overestimates as well. Chl a:C org ratios in abyssal equatorial Pacific sediments, with <1% C org , were at least 1 order of magnitude smaller than in WAP shelf sediments, measuring about 2 × 10 -5 (C. R. . EHAA:C org ratios in WAP shelf surface sediments ranged from about 0.03 to 0.08, whereas Demopoulos et al. (2003) reported ratios up to 1 order of magnitude lower (0.009 to 0.02) in bathyal basins off California. EHAA:C org at 280 m depths in the North Sea (0.019) also fell below WAP shelf values (Dauwe et al. 1999) . These relatively high ratios in WAP sediments suggest that high proportions of depositing chl a and EHAA are retained in surficial sediments in this region. The relatively low organic carbon content (1%) in WAP shelf sediments appears to result from dilution of labile detritus by deposition of inorganic mineral components (McClintic 2002) , rather than from rapid degradation of summer bloom detritus.
Unexpectedly, substantial chl a and EHAA concentrations were detected down to the deepest depths (10 cm) sampled in this study. Half-lives (t 1/2 ) for chl a in oxic sediments vary widely, but laboratory experiments with shallow-water sediments have yielded values on the order of 10 to 30 d (Sun et al. 1993) . However, much longer degradation half-lives (weeks to months) have been observed by other researchers in cold, and deep-water habitats (Stephens et al. 1997 , Josefson et al. 2002 . In the present study, the half-life of chl a in the sediment mixed layer ranged from roughly 50 to 200 d (Table 3) , even in the oxic top 3 cm of sediment.
14 C measurements from this study also estimate labile carbon turnover times at 90 to 240 d . Some reports of long chl a halflives result from diagenetic modeling of deeper, anoxic sediments, where chl a degradation is slowed (e.g. Sun et al. 1993 , Stephens et al. 1997 . However, the chl a profiles modeled here only extended to 3 cm, and were well within the oxygenated surface sediments (Hartnett et al. 2005) . Alternatively, slow chl a degradation rates found on the WAP shelf may be related to low Antarctic bottom-water temperatures. Sun et al. (1993) reported a 4-fold decrease in k as experimental temperatures were lowered from 25 to 5°C, with a half-life of 31 d at 5°C. Thus, lower degradation rates might be expected on the WAP shelf, where bottom-water temperatures drop as low as -1.8°C. Because degradation rates of EHAA have not been reported elsewhere, we cannot be certain that EHAA degradation in WAP sediments, with half-lives of months to years, is unusually slow (Table 3) ; however, the high EHAA concentrations and EHAA:C org ratios suggest strongly that this is the case. While the EHAA assay is designed to simulate digestion in a depositfeeder gut, and is thought to extract the most 'labile' protein fraction (Mayer et al. 1995) , the long half-lives indicate that EHAA may not be a sensitive measure of newly deposited phytoplankton detritus, at least in Antarctic shelf sediments. A study of detritivore food quality in California borderland basins also suggested different (e.g. slower) degradation dynamics for EHAA than for chl a (Demopoulos et al. 2003) . Nonetheless, substantial evidence supports the usefulness of EHAA concentration as a measure of detritivore food quality, i.e. as an indicator of a sediment food bank (Mayer et al. 1995 , Dauwe et al. 1999 , Pusceddu et al. 2003 . Thus, while EHAA appears to be a useful measure of the quantity of reactive organic material available as food to detritivores, seasonal variability in the vertical flux of EHAA associated with phytoplankton detritus is likely to be damped in WAP sediment inventories.
While some seasonal changes are evident in sediment chloropigment values, they are clearly less pronounced than interannual changes. Without additional sampling following the high-flux event in summer 2001, we cannot determine the long-term effects on sediment inventories of interannual, relative to seasonal, variability in particulate flux. However, fairly sizable pools of labile material do persist in WAP shelf sediments, indicating substantial sedimentary 'inertia' which dampens the effects of extreme temporal variability in productivity of the overlying waters. Normally labile material appears to degrade slowly in these sediments, such that unusually large flux events could have long-lasting effects on sediment inventories, producing a sediment food bank for detritivores.
Microbial response to phytodetritus deposition
Changes in microbial biomass inventories (Fig. 8) roughly mimicked those of chloropigment inventories (Fig. 4) at Stns B and C, with steady declines from a secondary maximum at the initial break-up of pack ice (November 1999) to a late-winter minimum (October 2000) . This pattern suggests a stimulation of microbial growth by the summer bloom at these 2 outer stations, and a subsequent decline in biomass as labile material is degraded. In contrast, microbial biomass at Stn A exhibited a delayed response to the summer bloom, increasing steadily after the bloom and into the winter. This decoupling of vertical flux and microbial growth could be the result of non-seasonal inputs of organic material via lateral advection or topographic focusing in the relatively complex basin at Stn A.
While some seasonal changes in microbial biomass do occur in WAP shelf sediments, they are substantially smaller in magnitude than those occurring in the water column. Microbial biomass inventories varied seasonally in WAP shelf sediments by approximately 3-fold or less, whereas bacterioplankton abundances in WAP surface waters increase as much as 6-fold from winter to summer months (Karl et al. 1996 , Church et al. 2003 .
Seasonal trends in microbial biomass at Stns B and C were not matched by sediment-community respiration rates, which showed no statistically significant seasonal variation (Thomas et al. unpubl. data) . However, WAP shelf respiration rates were moderately high relative to those in other shelf and deep-sea settings (e.g. Gage & Tyler 1991 , Boon & Duineveld 1998 , Smith et al. 2001 , Smith & Demopoulos 2003 , and roughly balanced the flux minus burial of sedimenting organic material (D. DeMaster et al. unpubl. data) . Similar measurements in shallow Arctic and Antarctic waters also indicate a broad balance between carbon flux and benthic remineralization (Nedwell et al. 1993 , Boon & Duineveld 1998 . Given this balance between POC flux and mineralization, as well as the presence of a large, metabolically active microbial community on the Antarctic shelf, why do pools of labile organic matter (e.g. chl a and EHAA) persist at high concentrations?
Temperature-substrate limitation hypothesis
The persistence of large pools of labile organic matter in WAP sediments may be explained by a requirement for high substrate concentrations to drive microbial mineralization activities at very low temperatures (Pomeroy & Deibel 1986 , Wiebe et al. 1993 , Nedwell 1999 , Yager & Deming 1999 , Pomeroy & Wiebe 2001 . A number of studies have suggested that at low tempera-tures microbial communities may require higher substrate concentrations to sustain a particular level of heterotrophic activity (Pomeroy & Deibel 1986 , Pomeroy et al. 1991 , Wiebe et al. 1992 , 1993 , Nedwell & Rutter 1994 , Arnosti et al. 1998 , Arnosti & Jørgensen 2003 . Despite this evidence, the nature of temperature effects on microbial activity has remained controversial. Viable microbial communities are known to exist in glacial ice and permafrost soils, surviving at very low temperatures (down to -40°C) (e.g. Price & Sowers 2004 and references therein). However, these communities survive through extremely low metabolic rates that are sufficient to maintain the cellular environment. Indeed, the potential for low temperatures to limit the rates of diffusion-dependent microbial processes seems intuitive (cf. Jumars et al. 1993) . Despite the effects of temperature on microbial metabolism, sediment-community respiration rates in Antarctic sediments (e.g. Nedwell et al. 1993, Thomas et al. unpubl. data) are comparable to those in other bathyal and shelf environments (reviewed by Demopoulos 2003) . We propose a simple conceptual model whereby seemingly conflicting reports of high sediment-community respiration rates and low microbial activity in cold temperatures can be reconciled.
Organic material in marine sediments is largely composed of high molecular weight compounds not readily available for bacterial uptake, which must be hydrolyzed outside the cell by extracellular enzymes. We suggest that temperature effects on the activity of these enzymes can potentially limit microbial metabolic rates in Antarctic shelf sediments. According to substrate-addition experiments in natural, lowtemperature microbial communities, extracellular enzymatic hydrolysis is potentially rapid at high (i.e. saturating) concentrations of substrate, both in polar shelf sediments (Arnosti 1998 , Arnosti et al. 1998 , Fabiano & Danovaro 1998 and in the deep sea (Meyer-Reil & Koster 1992 , Boetius & Lochte 1996 . Further, the temperature optima of at least some of the enzymes from permanently cold sediments are significantly higher than ambient environmental temperatures, and warming of the sediment greatly increases extracellular enzyme activity (EEA) at sub-saturating concentrations of substrate (Helmke & Weyland 1991 , MeyerReil & Koster 1992 , Nedwell & Rutter 1994 , Huston et al. 2000 , Arnosti & Jørgensen 2003 , Bowman et al. 2003 . Thus, it appears that extracellular hydrolysis is not inherently limited by low temperature if sufficient (i.e. high) levels of substrate are available.
A requirement for higher substrate concentrations at low temperatures suggests decreased affinity of extracellular enzymes for substrate binding, and/or reduced affinity of membrane-bound transport proteins for substrate uptake across cell membranes at low temperatures (Nedwell 1999) . Enzyme affinity has been described for Antarctic bacteria using MichaelisMenten enzyme kinetics, which relates growth rate to substrate concentration (e.g. Nedwell & Rutter 1994 , Gerday et al. 1999 . For Antarctic bacterial isolates, specific affinity for particular substrates, a°A (where a°A = μ max K s -1 , with μ max the maximum growth rate and K s the Michaelis-Menten half-saturation constant), appears to decline with decreasing temperature (Nedwell & Rutter 1994 , Reay et al. 1999 ). These results, and similar data from some Arctic bacterioplankton (Yager & Deming 1999) , suggest an increased limitation of bacterially mediated mineralization rates by low substrate concentrations when temperatures are low.
It seems quite reasonable that microbial mineralization and respiration of a given type of organic substrate in sediments is limited by EEA, such that the rate of hydrolysis is a product of substrate concentration (S) and a reaction-rate constant (κ). Ultimately, total microbial heterotrophic activity is limited by the sum of the products of substrates and characteristic κs. In other words, sediment-community respiration, R, can be described by the equation R ∝ ∑(S i κ i ), where S i and κ i are the respective concentrations and reaction-rate constants for the metabolizable components of the sediment organic matter. This formulation is conceptually identical to the oft-cited 'G-model ' of Berner (1980) , (Nedwell 1984) and the 'multi-B' model of Smith et al. (1994) . The value of a particular κ i is related to enzyme efficiency, which, according to the above studies, decreases at low temperature. As a given κ i decreases due to lower temperatures, substrate conversion rate can be maintained for a given quantity of enzyme only by enhancement of substrate concentration (S i ). Thus, we hypothesize that at low temperatures, a higher S may be required to maintain a particular communitylevel rate of organic matter breakdown (κS) via enzymatic hydrolysis. WAP sediments might be thought of as operating at high average S and low average κ (Fig. 9) , as might Arctic shelf sediments (note the strong negative relationship between temperature and sediment organic content in Glud et al.'s [1998] Arctic shelf data). The mineralization of organic matter in tundra soils appears to follow similar high-S, low-κ dynamics (Schlesinger 1997) . Low average S and high κ, in contrast, would be characteristic of tropical and temperate sediments.
According to the temperature-substrate limitation hypothesis, the ability of bacteria to utilize organic material at low concentrations in sediments would be greatly reduced at the low temperatures typical of Antarctic shelf waters. Thus, organic matter would tend to build up in sediments until high enough substrate concentrations are achieved to allow community respiration to balance the sinking flux of labile POC. As a consequence, relatively high steady-state organic matter concentrations, such as those seen here for chl a and EHAA, would be expected to accumulate in very cold sediments. Periodic deposition events should allow for short-term increases in microbial activity, while high background levels of organic matter persist in the long term. In temperate areas, total microbial community respiration rates may be equivalent, but concentrations of labile organic matter should be 'burned down' by microbial metabolism to lower steady-state levels. Further, a more intense response to organic flux events would be expected in temperate sediments, because pulses of labile organic material can be respired to lower concentrations.
The increasing steepness of the relationship between hydrolytic enzyme efficiency and temperature at very low temperatures (< 2°C) (e.g. Arnosti & Jør-gensen 2003) suggests that warming of Antarctic shelf bottom waters by a few degrees could significantly enhance the efficiency of microbial remineralization, decreasing background levels of labile organic material in sediments. This in turn could reduce food availability for benthic detritivores by decreasing the size of the 'food bank', altering food webs and reducing the rate of carbon sequestration in Antarctic shelf sediments. If the temperature-substrate limitation hypothesis is correct, continuation of the current trend of climate warming in the Antarctic Peninsula region could have unexpectedly rapid impacts on benthic ecosystem function. 
Antarctic sediments
Temperate sediments Fig. 9 . Conceptual relationship between substrate concentration (S) and degradation rate (κ) in sediments. Line indicates constant respiration, which is a function of S and κ. Antarctic sediments (permanently cold, high substrate concentration) function at high S, low κ, whereas temperate sediments (moderate temperature, low substrate concentration) function at low S, high κ. Each system can thus maintain equivalent respiration rate via different mechanisms
